The stability of synthetic connellite has been determined at 298.2K (25 ~ and 105 Pa, using solution methods. For the reaction 1/37{62H+(aq) + Cu37C18(SO4)z(OH)62.8H20(s ) ~ CuZ+(aq) + 8Cl-(aq) + 2SO42-(aq) + 70H20(I)}, log KH+ is equal to 6.44(2). This result has been used in turn to calculate a value for AfG~ s, 298.2K) of -423.7_+6.6 kJ mo1-1. During the synthesis of connellite, claringbullite sometimes forms as a metastable phase. This solid recrystallizes to connellite if kept in contact with the reaction solution. The results have been used to construct an equilibrium model for the formation of connellite in relation to other common secondary copper (II) minerals. Connellite crystallizes from solution over an appreciable range of conditions. This result is consistent with the observed widespread occurrence of connellite, though as a very minor phase, in the oxidized zones of cupriferous sulfide ores.
Introduction
As part of a study of the basic copper chlorides of stoichiometry Cu2CI(OH)3 (Pollard et al., 1989a) , a number of titrations of eopper(II) chloride with aqueous sodium hydroxide solutions were carried out. It was noted that under some circumstances, towards the end point of the titrations, recrystallization at 25 ~ of the initially produced solid phase gave an unexpected blue crystalline material. This blue solid was subsequently identified by powder X-ray methods as connellite (Bannister et al., 1950) . The source of the sulfate ion was eventually traced to impurities present in the particular batch of CuCI2.2H20 used, and the use of dilute sulfuric acid to rid flasks of residual paratacamite between titrations. It was then found that the synthesis could be reproducibly performed by the deliberate addition of small amounts of sodium sulfate to the copper(II) chloride solutions prior to the addition of base.
Although connellite has been classed as a rare mineral, it has been reported from a surprising number of localities. The adventitious laboratory synthesis provided an opportunity to investigate the mineral in order to elucidate its stability with respect to other secondary copper(II) minerals with which it is associated. The results of this study are presented below.
Experimental
Synthesis of connellite. Laboratory syntheses of connellite were carried out using a method similar to that previously described (Pollard et al., 1989b) . To a stirred aqueous solution (100 cm 3) containing CuClz.2H20 (0.725g, 4.25mmol), NaCI (1.6055 g, 27.5 mmol) and NazSO4.10H2 O (0.7 g, 2.2 mmol), CO2-free aqueous NaOH solution (0.05 mol dm -3) was added until the pH of the mixture was 7.2. Fast addition of the hydroxide gave a blue precipitate which recrystallized to connellite within 48 hours if the mixture was kept in a sealed container to exclude CO2, regulated with a thermostat at 25~ X-ray powder diffraction measurements of this transient blue phase showed it to be claringbullite, Cus(OH)14C12.H20, (Fejer et al., 1977) , although other amorphous solids may also be present in admixture. The five strongest lines are observed at 5.76, 4.90, 4.60, 2.70 and 2.42A, as compared with literature values of 5.75, 4.89, 4.59, 2.700 and 2.445A. Synthetic claringbullite prepared by this method is reasonably fine-grained, as evidenced by the somewhat faint and broad diffraction lines observed. In these conditions, claringbullite is metastable with respect to connelMineralogical Magazine, September 1990, Vol. 54, pp. 425-430 Copyright the Mineralogical Society lite. If the addition of base was carried out more slowly however, then the first-formed solid phase quickly recrystallized to paratacamite. The paratacamite also recrystallized to connellite under the same conditions as outlined above, but much more slowly (several weeks).
Equilibrium solubility measurements. Four reaction solutions similar to those employed for the synthetic experiments above were titrated with base to a pH of about 7, the mixtures sealed in the flasks exclude COe and placed in a Grant FH15 waterbath with fitted thermostat for a period of 2 months. Preliminary experiments established that paratacamite, if formed, completely recrystallized to connellite within this time, and that the mixtures attained equilibrium. Prior to filtration of the solid phase, the solution pH was measured using a Radiometer PHM85 meter fitted with a combination electrode. The solid was collected at the pump using a 0.45 txm Millipore filter. Total Cu2+(aq) concentrations were measured using a Varian AA-275 atomic absorption spectrophotometer. The identity and purity of the solid phase present was checked using infrared spectroscopy (nujol mull) employing a Perkin Elmer 783 spectrophotometer (Pollard et al., 1989b) and by X-ray powder diffraction using a 114.6mm diameter Debye-Scherrer camera and Cu-Ka radiation camera (Bannister et al., 1950) . Since precipitation of copper as connellite is essentially complete under the conditions employed in the experiments, it is more accurate to calculate the total concentrations of other solution species from a knowledge of the initial concentrations and the stoichiometry of connellite.
The single crystal X-ray structure of a natural connellite crystal has been reported (McLean and Anthony, 1972) . In the particular crystal used for the structure determination some nitrate is present in the sulfate site (cf. buttgenbachite ; Palache et al., 1951) . Other disorder (CI-, OH-, H20) is also apparent, and these facts result in fractional occupancy of one of the Cu 2+ sites. In addition, it has been recently shown that carbonate ions can substitute in the lattice, again replacing sulfate (Pollard et al., 1989b) . We have chosen the stoichiometry Cu37Cls(SO4)2(OH)62.SH20 to represent the phase in accordance with the crystal structure and other available analytical data (McLean and Anthony, 1972; Palache et al., 1951) . Slight variations from this formula as are observed in natural material will have negligible effect on the equilibrium model developed below.
Derivation of stability constants and related quantities. Species distributions in aqueous solutions in equilibrium with connellite were calculated from equilibrium solubility data and pH 
Values for the equilibrium constants were corrected to zero ionic strength using the extended form of the Debye-HiJckel law [log % = -Azi2II/2/ (1 +11/2); values of activity coefficients for uniand divalent ions are given in Table 2 ]; stability constants for the complex ions in solution were similarly corrected. The error for the equilibrium constant for (1) is quoted as a standard deviation from multiple measurements. Values for AfG~ for component ions and water used to calculate the standard free energy of formation of connellite were taken from the compilation of Robie et al. (1978) .
Results and discussion
Equilibrium concentrations derived from COMICS calculations used for determination of KH+ (equation (1)) and associated data are given in Table 2 . The average value of KH+ is 6.44(2) at 298.2K. This result in turn leads to a value of AfG~ of -423.7 + 6.6 kJ mo1-1 at this temperature, based on the formula 1/ 37{Cu37C18(SO4)2(OH)62.8H20}, and taking into account two standard deviations with respect to log KH+. The error in free energy is that associated with calculated error in the value of KH+ plus the sum of the errors associated with the standard free energy terms for the component ions and water molecules, taken from Robie et al. (1978) . In order to evaluate the significance of these data with respect to connellite formation in the oxidized zones of base metal orebodies, an equilibrium model has been constructed for the formation of connellite in relation to other common secondary minerals of copper. Thermodynamic data for the minerals cuprite, tenorite, chalcanthite, antlerite, brochantite, malachite, azurite, and paratacamite used in the calculations are given in Table 3 . Other thermodynamic data for solution species necessary for calculating the relative stability of these minerals were taken from Robie et al. (1978) . It should be noted that errors in the values of zlfG ~ derived from uncertainties in the values for constituent ions and water molecules, cancel out in calculations relating conditions under which various pairs of minerals are stable. Thus the stability field diagrams presented show relationships between minerals for which the errors are associated only with experimental measurements of KH+ (or of AfH ~ and S ~ where these may be determined independently).
The results obtained for connellite have in the first instance been used to construct the stability field diagram shown in Fig. 1 . For the phases illustrated, the solid boundaries refer to an equilibrium sulfate activity equal to 10 -3 . Boundaries with respect to a sulfate activity of 10 -1 are also shown as broken lines. Fig. 1 shows connellite to occupy a significant field of thermodynamic stability between those of the common minerals paratacamite, brochantite and tenorite. Its boundary with paratacamite can be shown not to vary significantly over the range of chloride ion activities commonly encountered in natural groundwaters (ca. 10 -1 to 10-3). Far greater variation is seen to attend the field of stability of connellite with respect to that of brochantite; high sulfate ion activities shift the stability field of connellite to a region outside the pH range found in most natural environments, including oxidizing sulfide ores apart from unbuffered cases when pyrite is abundant. Fig. 2 shows alterations to the previous diagram effected by choosing a CO2(g) partial pressure equal to that of the atmosphere (10-~s), and when malachite is the thermodynamically stable phase with respect to both tenorite and azurite. It can be seen that at this pressure of CO2(g), the stability field of connellite is essentially undiminished by that of malachite. The effect of increasing carbon dioxide pressure to a value at which azurite is thermodynamically stable (10 -136 ) is shown in Fig. 3 ; the stability field for eonnellite ultimately vanishes at high CO2(g) par- tial pressures. The significant range of conditions which can give rise to connellite is in accord with the fact that the mineral is known to occur at a number of localities, albeit in small quantities. Its observation in oxidized copper ores is being made more frequently, as judged by recent reports in the literature (vide infra).
Using the results of this study it is possible to explain many of the mineral associations that appear in the literature with references to connellite. Its occurrence with basic copper chlorides of the stoichiometry Cu2CI(OH)> as noted by Kato et al. (1980) and Kirchner (1978) , can be seen to be the result of crystallization having taken place in a saline environment. Although the latter author noted that atacamite was present, this is consistent with conversion of this phase to the thermodynamically stable form paratacamite being kinetically very slow under rather saline conditions (Pollard et al., 1989) . This association was also noted in a connellite sample from the Perran St. George Mine, Cornwall.
Other occurrences of connellite, such as those at Bisbee, Arizona (Anthony et al., 1977) , South Greenland ( Karup-Mr et al., 1978) and the Britannia Mine, North Wales (Pollard et al., 1989b) involve the association of both brochantite and malachite. These suites indicate crystallization having taken place from solutions of lower chloride activities than those cases when paratacamite (or atacamite) and connellite are found together. This also applies to the case of botallackite-connellite assemblages (Bannister et al., 1950) . Finally, it can be seen by reference to the electrode potential-pH diagram shown in Fig. 4 that with suitable chloride and sulfate activities in conjunction with CO2 pressures, the commonly observed association of connellite with cuprite (Graeme, 1981; Anthony et al., 1977) can be viewed in terms of oxidation to a thermodynamically stable phase.
Claringbullite has a similar mode of occurrence in vughs of cuprite in oxidized copper ore (Fejer et al., 1977) . Our synthetic experiments indicate that it is thermodynamically unstable with respect to connellite, at least under the conditions employed. It may be that claringbullite is always a metastable phase; it is certainly a rare species. 
